Introduction
Cyclotrons are the most commonly used device for positron-emission isotope production by charged particle-induced nuclear reactions. The radioisotope production for diagnostic imaging purposes like 11 C, 13 N, 15 O, and 18 F, is commonly achieved in hospital-based cyclotrons. The principal advantage of such an approach is the high specific activities (SA) that can be obtained through the (p,xn) and (p,α) reactions resulting in the product being a different element from the target [1, 2] .
Carbon-11 is particularly suited for labelling compounds with short biological half-lives. It is a positron-emitting radionuclide with a half-life of 20.3 min, which finds widespread use as a tracer in PET. Because carbon atoms are the basic element for biomolecules, a large amount of carbon-11 labelled compounds are currently synthesised and used in diagnostics to investigate different metabolic pathways reflecting the heterogeneity of the malignant tumours. In fact, easy-to-introduce carbon substituents are present in the majority of drugs and bioactive compounds.
[
11 C]-choline is a tracer applied for PET/CT imaging of prostate cancer [3] and brain tumours [4] , given that the cancer cells, which rapidly proliferate, are characterised by a greater uptake of choline, a constituent of membrane phospholipids [5] .
Due the short half-life of carbon-11 and relatively low yield of the production process, the [ 11 C]-choline production is limited to centres equipped with a cyclotron. The radiosynthesis process, including purification, formulation, and quality control, should generally not exceed three half-lives of the radionuclide and can be fulfilled even for the short-lived PET radionuclides (halflives from less than a few hours to a few days). There are definite advantages in using short-lived radionuclides, such as a low radiation dose associated with each study, the possibility of serial studies, sometimes on the same day for tracers such as carbon-11, and minimising or even eliminating the risks associated with radioactive waste [1] . On the other hand, for very short-lived radionuclides an in-site chemical lab is necessary. Clinical use of these radionuclides requires extensive validation, and strict operational conditions are essential as well as strict control of product quality before its application. Any subsequent change in the synthesis conditions should be re-validated.
Previously [6] a safe and reliable method for preparing [
11 C]-choline and a description of the quality assurance procedures was presented. This process of synthesis fulfils the Guidelines on Good Radiopharmacy Practice issued by the Radiopharmacy Committee of the European Association of Nuclear Medicine (EANM) [7] , but also presents some weaknesses. First of all, the actual yield of the synthesis product is only about 20%. Another disadvantage is the solvent used -dimethylformamide (DMF), being a Class 2 solvent. Its average content (740 μg/ml) in the final product is far below the limit imposed by the European Pharmacopoeia (880 μg/ml) [8] , but according to the recommendations of the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH), Class 2 solvents should be limited due to their potential toxicity [9] .
The main aim of this work was to modify the procedure in such way as to eliminate DMF from the final product as well as to increase the efficiency of the final product activity and its yield. Two different approaches were tested: the [ 11 C]-choline synthesis with green chemistry approach (with ethanol as a green solvent) [10] and a dry synthesis. The results were compared with those reported for DMFbased methods [6] .
Material and methods

Materials
The chemicals were purchased from ABX Advanced Biochemical Compound and the solvents from Avantor Performance Materials Poland. The substrates were used without further purification. Target gas mixture (N 2 + 0.5% O 2 ) was purchased from Linde.
For preparation of [ 11 C]-choline, Sep-Pak Plus Accell CM cation-exchange cartridge and Oasis HLB Plus Short reverse phase cartridge were purchased from Waters and used, as received, without any preconditioning.
To assure sterility of the final product a MILLEX-GS 0.22 µm filter unit was used.
Instrumentation
The radioactivity of the [ 11 C]-choline tracer and carbon-11 half-life was measured using a dose calibrator ISOMED 1010.
The HPLC analysis of chemical and radiochemical purity was done using an Acclaim Trinity HPLC column from Thermo Fisher Scientific. The HPLC system (DIONEX Ultimate 3000) was equipped with a UV-VIS DAD, scintillation detector (Bioscan Flow-Count), and Corona CAD (ESA). Three mobile phases were used: 200 mM of ammonium acetate (pH = 4) (A), distilled water (B), and acetonitrile (C) with gradients of 5% (A), 35% (B), and 60% (C) (gradient time from 0 to 10 min), and of 40% (B) and 60% (C) (gradient time from 10 to 25 min), with a flow rate of 0.7 ml/min. Gamma radiation energy was measured with Raytest MUCHA multichannel analyser.
Bacterial endotoxin test was performed using Endosafe -PTS apparatus (Charles River).
Radionuclide purity was checked using a CanberraPackard gamma spectrometer with a High-Purity Germanium (HPGe) detector. The spectra were acquired one day after synthesis, and the spectrum acquisition time was three hours.
The concentrations of dimethylaminoethanol (DMAE) and the residual solvents (ethanol and DMF) were determined using an Agilent 6850 gas chromatography system equipped with an autosampler and a flame ionisation detector (split ratio 5.0 : 1 at a total flow 16 ml/min with helium as a carrier). An HP-Innowax column (30 m × 0.32 mm with 0.50 µm polyethylene glycol film) was used.
The final product quality control procedures were performed according to the methodology described in previous work [6] . Sterility testing was carried out by a certified laboratory.
Isotope production
The general procedures of [ 11 C]-choline production and quality control management are based on the recommendations of Hockley et al. [11] with further modifications [6] .
The starting point for the production of the carbon-11 labelled radiopharmaceuticals is the 14 N(p,α) 11 C nuclear reaction. The optimum energy for this reaction is between 4 and 20 MeV, whereas the cross-section falls beyond about 15 MeV [12, 13] .
The reaction takes place in the gaseous target of the IBA Cyclone 18/9 cyclotron with a fixed energy of 18 MeV for protons and 9 MeV for deuterons.
A gas target consists of three main parts: collimator, a window holder that holds two foils: titanium and aluminium, and the target body ( Fig. 1) .
The thickness of the aluminium window is selected to achieve 16 MeV of an effective beam energy on target. The target body is made out of aluminium to reduce activation and radiochemical contamination, and to assure proper cooling.
The radioisotope is produced by irradiation of a gaseous N 2 /O 2 mixture (the nitrogen target gas containing 0.5% oxygen) with 16 MeV protons. The target mixture fills an irradiation chamber of approximately 50 cm 3 . The filling pressure was 17 bar. The reduction from 20 to 17 bar as compared to the previous technology [6] made it possible to increase the saturation yield from 3.11 to 3.96 GBq/µA (27% increase). Lowering of the filling pressure allows also the target current to be increased to the maximum level provided by the manufacturer, i.e. 40 µA. The optimisation of these parameters leads to an increase of the in-target activity of [ 11 C]-CO 2 from 68 GBq [6] to 77 GBq at the same time.
The calculation of the saturation yield takes into account the correction factor accounting for the radionuclide decay during counting and is done according to the equation [14] : In the first stage of the process, [
11 C]-CO 2 is trapped on the molecular sieves of the synthesis module (after its conditioning). A molecular sieve is a material that adsorbs carbon dioxide at room temperatures and releases it when heated to high temperatures. Its conditioning involves removing stable CO 2 , which is critical for specific activity, and moisture from the filling volume by heating it to 250°C and simultaneous purging with nitrogen gas at flow of 15 ml/min.
The radiolabelling and preparation of [ Competitive reactions with water, saline, or ethanol may take place because methyl iodide is highly reactive. Such reactions are possible, if the mentioned reagents infiltrate the ReFORM PLUS™ tubing assembly. To prevent the competitive reactions, it is important to set up the ReFORM PLUS™ kit carefully, making sure that the valves are closed. The reagents can be loaded after a double check of the valves.
In a previous study [6] ethanol is a Class 3 solvent. Class 3 solvents are less toxic than Class 2 ones (which should be, however, limited in pharmaceutical products because of their inherent toxicity), and their risk to human health is low when used at levels normally accepted in pharmaceuticals [17] . Ethanol is considered as a green solvent -one of the green solvents group derived from renewable resources and biodegradable to innocuous, often a naturally occurring product [18] . DMAE was dissolved in ethanol in the same ratio as in the case of the method using DMF (10µl DMAE : 200µl EtOH) [10] .
In the second method of synthesis the methylation environment was transferred to the solid phase using the method proposed by Pascali et al. [19] . The experience with [ 18 F]-fluorocholine (FCH) production with the use of an IBA Synthera® synthesis module [20] proved to be helpful in carrying out this experiment. Thus, the reaction vial was not replaced by a C18 Sep-Pak Light cartridge, but instead an Oasis HLB plus (Waters) SPE cartridge [20] . In order to maximise the reformulation process, the script according to which the module runs the process was modified. The modifications involved changing the valve work sequence so that the paths would lead through the cartridges as well as the optimisation of the times of each step of the script. It resulted in shortening of the production process from 17 to 12 minutes.
The HLB cartridge was connected in series with the SepPak Accell Plus CM (Waters) cartridge preceding it. 0.5 ml of DMAE was added on the HLB cartridge and it was flushed with 30 ml of air in three portions of 10 ml each to remove the excess.
Isolation and purification of [
C]-choline
In both methods that use a reaction vial, the isolation and purification process is a four step-procedure conducted by the ReFORM PLUS™ unit. First, 1 ml of ethanol was added to the reaction vial to homogenise the mixture. Afterward, the whole mixture was extracted to the solid phase on a cation exchange resin (Sep-Pack Accell Plus CM; Waters [6] ). As the ionic compound, [ 11 C]-choline was captured by the SPE column, while the remaining components of the reaction mixture had been removed. To confirm the proper purification of the product, especially from the substances that were insoluble in organic solvents, the SPE column was washed twice with 5 ml of water. The final product was released from the SPE column using 0.9% saline solution and collected in a sterile, pyrogen-free vial with septum enclosure after the previous filtration on a 0.22-µm membrane sterile filter.
In the case of methylation of DMAE on a solid phase ethanol runs directly through the HLB cartridge removing unreacted DMAE and [ 11 C]-choline from it. While [ 11 C]-choline is trapped on the Accel Plus cartridge, DMAE goes to a waste container. In the next step, the product is backflushed from the cartridge with water and released to a product vial using 10 ml of 0.9% saline in the same way as for both other, DMF based and "green chemistry", methods. The radioactivity changes during the reformulation performed using the SPE method are shown in Figure 3 .
Results
The main adjustments of the parameters of both tested methods (green chemistry and solid phase ones) of the [ 11 C]-choline production resulting in the highest possible yields and insuring reliability and reproducibility are shown in Table 1 together with the results of the previously used DMF based synthesis, for the sake of comparison.
The continuous detection of radioactivity allows monitoring of the production process on each step ( Fig. 2 and 3) . In a properly running process an increase of radioactivity is seen on the molecular sieves (trapping of [ 11 C]-CO 2 in the module). If the molecular sieves are conditioned well and the module works correctly, it is accompanied by the simultaneous decrease of radioactivity on the sieves and an increase on the reactor. During [ 11 C]-MeI distillation, radioactivity leaves the module, and this fact should be observed in the graph. In turn, the waste bottle detector of the MeI+ module should not indicate any significant increase of the background radioactivity from the sieves and reactor (Fig. 2) .
The reformulation monitoring in the SPE method is presented in Figure 3 . During the whole process a slight decrease of radioactivity may appear due to decay and removal of unreacted [ (Fig. 3) . Loss of radioactivity on purification or even [ 11 C]-MeI transfer step may be caused by contamination on the ReFORM Plus™ tubing or its leaks.
The differences between the "wet" synthesis with the precursor dissolved in DMF and EtOH, and the "dry" synthesis with the precursor embedded on the HLB cartridge are shown in Table 2 . Besides the synthesis yields, they involve also the chemical purity (a lack of DMF) and the changes in the DMAE and ethanol concentrations. A significant difference in ethanol concentration between "wet" and "dry" synthesis is observed, which is due to changes in script. The time of ethanol delivery was extended from 50 seconds to 75 seconds, which enabled its more accurate removal. Extension of the "ethanol step" with parallel shortening of the script duration was possible thanks to shortening the time of the other steps, such as rinsing the cartridge with two portions of 5 ml of water in place of one portion of 10 ml. Two portions of lower volume result in lower backpressure on the tubing, which gives a faster flow. Each test batch was controlled with the use of the quality-control procedures described herein [6] . The radiochemical purity (radio-HPLC), radionuclide purity (half-life measurement, gamma-ray identification, and HPGe spectroscopy), and microbiological purity (endotoxin and sterility test) were repeatable and similar between the methods [6] .
Discussion
The main aim of this work was to optimise the [ 11 C]-choline synthesis process, in relation to the process described in [6] , by increasing the final synthesis yield while minimising or even completely eliminating DMF.
Two approaches to the [ 11 C]-choline synthesis: the method using a green solvent, ethanol, and a dry synthesis, where DMAE is embedded on the Oasis HLB plus, were applied and the results were compared. They were also compared with results of the synthesis based on the DMAE precursor dissolved in DMF, which were presented in [6] . The solid phase synthesis proved to be the most effective in total elimination of DMF; its final release was the highest, and the synthesis time was the shortest (Table 2) . Unfortunately, the content of DMAE precursor in the final product is still high, although it is a non-toxic compound and its concentration remains below the requirements of the European Pharmacopoeia [21] .
Using DMF was a pioneering way for the [ 11 C]-choline synthesis. However, in spite of a reasonable radiotracer yield, the high solvent concentration makes this method unacceptable. Solvent replacement for ethanol makes the product safer for patients, but the radiochemical yield may appear insufficient for manufacturers due to the cost-benefit ratio. Thus, the transfer of a reaction environment to a solid phase appears to be most effective way to increase the number of radiotracer doses per batch, simultaneously making it safer for the patient without serious loss of diagnostic properties. An important novelty is a publication of Pharmacopoeia monography describing [ ]-choline can be assigned according to the procedure described in this Pharmacopoeia monograph [21] . Until the mentioned monograph appeared, the upper limit of DMEA in the final product remained unspecified. Now, it has been determined as 1.0 mg per dose. Thus, when taking into account that a final product vial (FPV) is, in fact, a multidose vial, having at its disposal the maximum possible radioactivity of at least 10 doses, then, after a 10-fold dilution of the FPV the DMAE content in the patient syringe would be not higher than 0.7 mg per dose. Although DMEA is non-toxic and used as a nutrition additive, it may compete with the uptake of [ 11 C]-choline into the cell [22] . Shao et al. [23] rejected the use of silica-based hydrophobic SPE cartridge (e.g. C18 and HLB plus) proceeding synthesis on a single cation-exchange cartridge (Sep-Pak CM-Light) explaining it with a lower back-pressure. However, a lower back-pressure could shorten the synthesis time increasing the end of synthesis (EOS) yields, and use of two cartridges in serial should give a higher purification level due to a different sorption mechanism 
Conclusions
The results presented above demonstrate that through simple modifications of the synthesis conditions it was possible to produce clinical doses of [ 11 C]-choline. The solid phase synthesis proved to be the most effective in total elimination of DMF, its final release was the highest, and the synthesis time was the shortest. The synthesis is fully automated and the radiopharmaceutical doses for clinical use meet and exceed established quality control criteria.
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